ABSTRACT
INTRODUCTION

44
Cortical damage that accompanies traumatic brain injury or stroke often extends beyond the 45 boundaries of the initial injury. This can lead to maladaptive cortical reorganisation and cognitive impairment 46 (Grefkes & Fink, 2014) . On the other hand, beneficial cortical reorganisation following injury can also occur 47 and this can lead to recovery of function. Understanding the nature of cortical reorganisation after injury and 48 how this might be promoted is a challenge for research on developing treatments for patients suffering from 49 brain injury.
50
Resting state functional connectivity (rsFMRI) provides an indirect method of measuring cortical 51 organisation across the whole brain by correlating BOLD activation patterns between pairs of brain areas.
52
Strong correlation implies, at minimum, a "functional" connection, and often an anatomical connection following damage, it is necessary to measure correlations within cortical networks both pre-and post-injury.
58
This is rarely possible with human patients, and so we must rely on animal models, where we can collect data 59 both before and after a lesion.
60
Recent studies have looked at functional connectivity following lesions in non-human primates. These studies are important in demonstrating the utility of studying functional connectivity following 70 lesions. However, to understand how behavioural recovery occurs after brain injury in patients, we need to 71 correlate changes in functional connectivity with behavioural measures as recovery occurs. In the present 72 study, we therefore used rsFMRI to study how cortico-cortical connectivity in the macaque monkey brain 73 changed in response to discrete lesions to regions near the principal sulcus (specifically, areas 46 and 9/46) 74 of the prefrontal cortex over an extended period of time; and how these changes related to behaviour.
75
We chose to study lesions to regions near the principal sulcus because it is well known that lesions 76 there reliably abolish the ability of monkeys to perform delayed response and delayed alternation tasks (E. and object-based delayed match-to-sample task. We collected rsFMRI data at periodic intervals during the 81 pre-lesion period to coincide with behavioural testing sessions. The animals then first received a lesion to 82 both banks of the principal sulcus, including areas 46 and 9/46. Following a post-operative recovery period,
83
we resumed periodic testing and scanning sessions. Later, they received a second lesion to the same region 84 in the opposite hemisphere and they were once again tested and scanned at regular intervals. Adding the 85 second lesion allowed us to assess the contribution to recovery of the homotopic region in the undamaged 86 hemisphere.
87
88
RESULTS
89
We performed a longitudinal assessment of the effect of lesions to the principal sulcus (areas 46 and 90 9/46) on behavioural performance on two cognitive tasks and related it to changes in functional connectivity 91 (Figure 1 ). Once the animals had reached a predefined level of performance on the behavioural tasks (>70%), 92 we collected functional neuroimaging (rsFMRI) data under general anaesthesia at two intervals prior to the 93 first lesion, separated by 3-4 weeks (Data from two additional scans, earlier in the animals' training, are not 94 included in the present report). Several days prior to each scanning session, the animals were tested on both 95 the location-and object-based delayed match-to-sample (DMS) tasks. Following these two cycles of the animals were once again tested and scanned (4 cycles, approximately once every 3-4 weeks).
104
Behavioural deficits following unilateral lesion associated with decreased functional connectivity within 105 frontal cortex 106 The ability of both monkeys to perform the two DMS tasks was significantly impaired following a 107 unilateral lesion of the left PS regions ( Figure 3A) . We compared behavioural performance (measured as % 108 correct) in the two sessions prior to the lesion (pre-lesion-1) with the first two sessions following the lesion
109
(early post-lesion-1) and the two after 8 weeks (late post-lesion-1) using a mixed-model ANOVA ( Figure 3A ; 110 see MATERIALS AND METHODS). We observed a significant main effect of monkey (F (1,13 interactions failed to achieve statistical significance (p's>0.05).
116
Compared to their pre-lesion levels, both monkeys generated significantly fewer correct responses 117 in both the location and object tasks in the early period following the lesion ( Figure 3A ). In the location task,
118
the performance of monkey 1 decreased from 70±5% to 49±6% (mean±SEM, p=0.016); and the performance 119 of monkey 2 decreased from 87±4% to 65±5% (p=0.0041). In the object task, the performance of monkey 1 120 decreased from 91±3% to 73±5% (p=0.0072); and the performance of monkey 2 decreased from 100±1% to 121 93±3% (p=0.0026, Holm-Bonferroni corrected t-tests).
122
This decrease in behavioural performance during the first 8 weeks following the lesion (early post- individual connections following the first lesion). We analysed these data using a mixed-model ANOVA (see 
127
MATERIALS AND METHODS
130
The most striking change in the first series of scans following the first lesion to the left PS was an showed signs of recovery on the location task, and in the case of monkey 1 on the object task ( Figure 3A) . On 139 the location task, the performance of monkey 1 increased from 49±6% to 65±5% (p=0.069), and the 140 performance of monkey 2 increased from 65±5% to 75±5% (p=0.28). For both monkeys, performance 141 improved to the point where it was no longer statistically different from their pre-lesion performance (pre-142 lesion-1 vs. late postlesion-1, p=0.43 and p=0.095 for monkeys 1 and 2, respectively). On the object task, the 143 performance of monkey 1 increased from 73±5% to 95±2% (p=0.006). It too was restored to pre-lesion levels
144
(p=0.38). The performance of monkey 2 showed a marginal decrease from 93±3% to 90±3% (p=0.78).
145
At the same time, functional connectivity within the network of interest showed evidence of 146 returning to a pre-lesion state. In Figure 4 , we compare the changes in functional connectivity in our network 
156
The behavioural data following the second lesion are shown in Figure 3B . We observed a significant stage, failed to reach statistical significance (p's>0.05).
160
In general, removal of the previously-intact right PS regions had a smaller impact on behavioural
161
performance as compared to the first lesion. On the location task, the performance of monkey 1 decreased 162 from 73±3% in the pre-lesion-2 period to 68±3% in the early post-lesion-2 period (p=0.41); while the 163 performance of monkey 2 decreased from 82±2% to 66±3% (p=0.0006). On the object task, the performance 164 of monkey 1 decreased from 95±1% to 85±2% (p=0.0006), and the performance of monkey 2 decreased from 165 96±1% to 90±2%, (p=0.027).
166
We were unable to collect imaging data immediately prior to the second lesion. Therefore, to assess 
170
In Figure 5 , we compare broad-scale changes in functional connectivity following the second lesion 
183
We observed a significant increase in average correlations between the left frontal and parietal lobes (pre- 
193
Correlations showed few differences in the late postlesion-2 period as compared to the early post-lesion-2 sections that the lesion may have extended beyond the fundus of the sulcus (Fig. 2) . However, the purpose 235 of our study was not to determine the function of the cortical tissue near the principal sulcus, but rather to 236 study functional recovery; and in stroke patients, white matter is always affected. Regardless of the extent 237 to which underlying white matter was affected, we were nonetheless able to observe both behavioural 238 impairment and recovery that correlated with changes in functional connectivity.
239
Third, after the second lesion there were changes in functional connectivity; yet there was only a 240 marginal change in behaviour. One possible confound is a practice effect, in that as the experiment 241 progressed the monkeys received more and more practice on the two tasks. However, it is important to note 242 that both monkeys were trained to criterion prior to the first lesion and they were tested relatively 243 infrequently following the lesion. It is therefore unlikely that practice alone can account for the behavioural 244 recovery following the first lesion and the marginal effect on behaviour of the second lesion. We instead 245 argue that it is more likely the monkeys adopted a different strategy for completing the task that allowed hemisphere (left) in which we placed the first lesion (Fig. 5 ).
249
Fourth, we collapsed the behavioural data across testing cycles and difficulty (i.e., delays); which 250 raises some issue with interpretation. We chose to collapse these data in order to increase statistical power 251 and to better align the behavioural data with the imaging data. It is possible that doing so obscured a 252 potentially interesting effect of difficulty on functional connectivity. Unfortunately, this would be impossible
253
to assess with the current dataset as the imaging data were collected with the animals under anaesthesia
254
(meaning we could not tease out any effect of performance on functional connectivity). Nonetheless, for 255 completeness, we show the complete behavioural dataset in supplementary material.
256
Finally, we acknowledge a potential issue of voxelsize. The problem is that neighbouring voxels may 257 be supplied by the same vessels. This means that there may be an artefactual correlation between adjacent 258 7 regions. To best avoid this problem, we chose as seed areas regions that were less likely to be supplied in this 259 way (Fig. 1) . 
293
A second possibility is that after the first unilateral lesion, the homotopic region in the other 294 hemisphere could compensate. But if area 46 in the right hemisphere had indeed taken over, we might have 295 expected to see a severe impairment when it was then itself lesioned, which was not the case ( Figure 3C) cued location on the current trial to receive a food pellet reward.
359
In the 'match-to-object' task ( Figure 1A , right), the monkey was required to touch a cue that 360 appeared in the centre of the touchscreen. There was then a variable delay (3, 5, 9, or 17 s); the extra 1 361 second was added to approximately match the distractor plus delay durations in the match-to-location task.
362
Two stimuli then appeared on the touchscreen on either side of midline (along the horizontal meridian,
363
equidistant from centre). These included the sample stimulus and a distracter stimulus (randomly allocated 364 to either left or right of midline). The monkey was required to touch the stimulus that had been cued to 365 receive a food pellet reward.
366
The two tasks were not matched for overall difficulty: based on performance data, the location task and stages of testing (testing session 1 vs. testing session 2: 82±2% vs. 83±2, p=0.11, paired t-test).
372
Because of the relatively long delays between testing sessions (several weeks), we started each cycle 373 with shorter 'warm-up' sessions (40-100 trials). These were held over two days prior to actual testing sessions 374 in order to re-introduce the animals to the process of testing. Data obtained during warm-up days were 375 excluded from all analyses.
376
All performance data (percent correct) were arcsine transformed before being analysed using two 377 separate 3-way mixed-model ANOVAs (one per lesion) with each testing cycle corresponding to a unit of 378 replication. Each ANOVA included three fixed-effects: task (match-to-location, match-to-object), subject
379
(monkey 1, monkey 2), and experimental stage (pre-lesion-1/2, early postlesion-1/2, late postlesion-1/2); 380 and one random-effect corresponding to testing cycle. Post-hoc t-tests were carried out on ANOVA-derived 381 estimated marginal means to identify specific changes in performance associated with subject, task and 382 experimental stage. All p-values were adjusted for multiple comparisons using the Holm-Bonferroni method 383 to control for family-wise error (Holm, 1979) . Lesions to the principal sulcus (areas 46 and 9/46) were performed under aseptic conditions using were monitored continuously throughout the procedure.
416
Under deep anaesthesia, the head was placed in a head holder and the skull exposed by opening the 417 scalp and galea in layers. The temporal muscles were retracted and a bone flap was removed. The dura was 418 cut to expose the cortical surface. Both banks of the principal sulcus were removed with aspiration ( Figure   419 2). The dura was then sewn and the bone flap replaced.
420
Following the procedure, the animals were monitored continuously for 48 hours. Postoperative 
Data Preprocessing and Analysis
430
All data preprocessing and analysis was conducted using a combination of Matlab (The MathWorks (full-width half maximum). Grey-matter masks were defined as voxels with grey-matter probability >0.5 442 within each subject. Masks representing white matter, CSF, and the superior sagittal sinus were also 443 produced and used to create covariates of no interest in time series analysis (see following).
444
Physiological covariates of no interest were constructed from the EPI time-series for white-matter touchscreen. In the 'match-to-location' task (left), the monkey was required to touch a cue that appeared in 597 a random location on the touchscreen. The cue then disappeared and after a variable delay, three stimuli 598 identical to the cue appeared in three different locations. The three locations included the sample location 599 from the current trial, the cued location from a previous trial, and a third random location. The monkey was 600 required to touch the location of the cue on the current trial to receive a food pellet reward. In the 'match-601 to-object' task (right), the monkey was once again required to touch a cue that appeared in a random location 
